. C. monstrosa is nocturnal, emerging from below-ground 22 burrows and climbing conifers to feed on staminate cones (Caudell 1904 underlying freeze tolerance are unclear, but many freeze-tolerant insects accumulate 37 low molecular weight cryoprotectants, including the disaccharide trehalose and free 38 amino acid proline, both detected in hemolymph of freeze-tolerant New Zealand and cooled them at 0.25 °C min -1 to the target temperature in an aluminum block 66 through which 50% methanol was circulated from a programmable refrigerated 67 circulator (Proline RP 55, Lauda, Wurzburg, Germany). We monitored the 68 temperature from the thermocouple using PicoLog software via a Picotech TC-08 69 thermocouple interface (Pico Technology, Cambridge, UK). Our general approach to 70 characterizing cold tolerance is described by Sinclair et al. (2015) . In all cases, we 71 rewarmed the nymphs at 0.25 °C min -1 to 4 °C, weighed them (fresh mass ± 0.01 g), 72
and transferred them to individual 100 ml containers with apple pieces at 15 °C for 73 recovery. Nymphs were considered 'alive' if they could stand and move in a 74 coordinated fashion 48 h after thawing. Because developmental stage of orthopterans 75
can modify parameters such as metabolic composition (e.g. Anand and Lorenz 2008), 76
we restricted subsequent experiments to larger nymphs (> 0.9 g). 77
78 To determine the temperature at which ice formation begins (supercooling 79 point, SCP), we cooled nymphs in 35 ml plastic vials as described above, and 80 recorded the lowest temperature before the exotherm due to ice formation (Sinclair et 81 al. 2015) . The survival of these nymphs was monitored (details below). To determine 82 the critical thermal minimum (CT min ), or the temperature at which the nymphs 83 entered chill coma, we cooled six nymphs from 25 °C to the SCP as described 84 previously (MacMillan and Sinclair 2011). Nymphs were monitored continuously, 85 and the CT min was the temperature at which nymphs could no longer exhibit 86 coordinated movement in response to probing. We determined cold tolerance strategy 87 by monitoring survival of nymphs held for 1.5 h at -4 °C (unfrozen) or -6 °C (frozen), 88 with freezing confirmed by detection of the SCP exotherm of each nymph. We 89 considered them freeze tolerant if they survived both temperatures, freeze avoidant if 90 they survived at -4 °C but not -6 °C, or chill-susceptible if they were killed by 91 exposure both temperatures. We determined the lethal temperature by determining 92 survival of nymphs exposed to temperatures between -9 °C and -16 °C for 1.5 h. To 93 determine lethal time, we monitored survival of nymphs kept frozen at -6 °C for time 94 periods between 1.5 h and 10 d, and subsequently thawed. Each nymph was exposed 95 to only one cold treatment. 96
97
To identify likely sites of ice nucleation, we compared the SCP of hemolymph 98 and several excised tissues (foregut, midgut, hindgut, Malpighian tubules, fat bodies, 99 and hind femur muscle) to whole body SCP. We extracted 4 µl of hemolymph from 100 each of three nymphs (mass 1.16, 1.25, and 1.48 g) using a 20 µl pipette, and diluted 101 it with 12 µl 3 % ascorbic acid to prevent coagulation (McKinnon 2015). We 102 dissected tissues from the same three nymphs, and placed them in 20 µl 3 % ascorbic 
Results & Discussion 122
Cyphoderris monstrosa nymphs remained active as they were cooled, until 123 they froze at a mean SCP of -4.6 ± 0.3 °C (range: -2.4 to -6.8 °C). All C. monstrosa 124 nymphs survived exposure to -4 °C (N=4, unfrozen) and -6 °C (N=4, frozen), thus we 125 conclude that they are freeze-tolerant. Most (75%) C. monstrosa survived being 126 frozen at -6 °C for 5 days (Fig. 1a) , demonstrating survival of equilibrium ice 127 formation (which can take several hours in large Orthoptera; Ramløv and Westh 128 1993). However, they did not survive acute (1.5 h) exposures at or below -12 °C (Fig.  129   1b) . This pattern is similar to other freeze-tolerant ensiferans, such as H. maori 130 (Ramløv et al. 1992) , that freeze at moderate subzero temperatures, but have a 131 relatively high lower lethal temperature (Sinclair et al. 2003) . temperatures similar to whole-body SCP (Fig. 2) . Thus, it appears that although there 144 is a nucleating agent in the hemolymph, ice formation is initiated by one or more of 145 these tissues, similar to the ice-nucleating Malpighian tubules and fat bodies of E. 146 solidaginis (Mugnano et al. 1996) . 147 were observed after freezing. The increase in glycerol suggests that C. monstrosa 160 cryoprotectant composition is plastic, and that they may also be able to enhance 161 freeze tolerance in response to short cold exposures, such as frosts in the fall or late 162 spring (cf. Marshall and Sinclair 2015). Thus, although the hemolymph osmolality we 163 measured in C. monstrosa was not high in our spring-collected specimens, there is 164 potential for an increase in hemolymph osmolality prior to or during the winter 165 months, which may support lower lethal temperatures and tolerance to longer 166 durations frozen than we observed in this study. 167 
